Edited by Roger J. Colbran A key feature of acute myocardial infarction (AMI) is an alteration in cardiac architecture. Signaling events that result in the inhibition of glycogen synthase kinase-3 (GSK-3)␤ represent an adaptive response that might limit the extent of adverse remodeling in the aftermath of AMI. Here, we report that an allosteric inhibitor of GSK-3␤, 4-benzyl-2-(naphthalene-1-yl)-1,2,4-thiadiazolidine-3,5-dione (NP12), lessens the magnitude of adverse myocardial remodeling and promotes angiogenesis. Male and female mice 8 -10 weeks old were grouped (six animals in each group) into sham surgery (sham group), left anterior descending (LAD) ligation of the coronary artery followed by intramyocardial PBS injections (control group), and LAD ligation followed by NP12 administration (NP12 group). After 7 and 14 days, the extents of fibrosis and integrity of blood vessels were determined.
A key feature of acute myocardial infarction (AMI) is an alteration in cardiac architecture. Signaling events that result in the inhibition of glycogen synthase kinase-3 (GSK-3)␤ represent an adaptive response that might limit the extent of adverse remodeling in the aftermath of AMI. Here, we report that an allosteric inhibitor of GSK-3␤, 4-benzyl-2-(naphthalene-1-yl)-1,2,4-thiadiazolidine-3,5-dione (NP12), lessens the magnitude of adverse myocardial remodeling and promotes angiogenesis. Male and female mice 8 -10 weeks old were grouped (six animals in each group) into sham surgery (sham group), left anterior descending (LAD) ligation of the coronary artery followed by intramyocardial PBS injections (control group), and LAD ligation followed by NP12 administration (NP12 group). After 7 and 14 days, the extents of fibrosis and integrity of blood vessels were determined. Intramyocardial administration of NP12 increased phosphorylation of GSK-3␤, reduced fibrosis, and restored diastolic function in the mice that had experienced an AMI. Morphometric analyses revealed increased CD31
؉ and Ki67 ؉ vascular structures and decreased apoptosis in these mice. NP12 administration mediated proliferation of reparative cells in the AMI hearts. In a time-course analysis, Wnt3a and NP12 stabilized ␤-catenin and increased expression of both Nanog and VEGFR2. Moreover, NP12 increased the expression of ␤-catenin and Nanog in myocardium from AMI mice. Finally, loss-and gain-of-function experiments indicated that the NP12-mediated benefit is, in part, Nanog-specific. These findings indicate that NP12 reduces fibrosis, reestablishes coronary blood flow, and improves ventricular function following an AMI. We conclude that NP12 might be useful for limiting ventricular remodeling after an AMI.
One of the key features of acute myocardial infarction (AMI) 5 includes alterations of cardiac architecture, and the clearest pathology is the development of fibrotic lesion (1) . Structural alterations seen after AMI are not restricted to the infarcted area but may also include the non-infarcted region of the heart (1, 2) . Pathological changes in the non-infarcted heart include hypertrophy of the cardiomyocytes, neovascularization, and fibrosis. The fibrotic lesion found in the peri-infarct and in the non-infarct heart area leads to chamber dysfunction and increased ventricular stiffness thereby reducing cardiac compliance. However, reestablishing blood supply is a key determinant of cardiac function after AMI (3) (4) (5) . In the aftermath of AMI, both short-and long-term, signaling mechanisms are activated to limit the extent of myocardial damage and to reduce fibrosis, and these preventive mechanisms can be collectively referred to as adaptive response (4 -7) . Animal experiments and genetic studies show that this adaptive response is associated with the inhibition of glycogen synthase kinase-3␤ (GSK-3␤) (6 -10) . GSK-3␤ is a multifunctional serine/threonine kinase protein (7) (8) (9) . Increased phosphorylation of GSK-3␤ (Ser-9) and thereby the inhibition of GSK-3␤ results in the inhibition or delayed opening of the mitochondrial permeability transition pore in cardiomyocytes, a bona fide regulator of apoptosis (8 -14) . However, increased phosphorylation of GSK-3␤ (Ser-9) also results in the stabilization of ␤-catenin, and stabilized ␤-catenin species accumulate in the nucleus to convert the T-cell factor (TCF)4/lymphoid-enhancer factor (LEF)1 repressor complex into a transcriptional activator complex to stimulate canonical Wnt signaling (15) (16) (17) (18) . Activation of canonical Wnt signaling increases expression of Nanog in endothelial cells (ECs) (19, 20) . These observations raise an important question of whether the allosteric inhibition of GSK-3␤ might reduce the extent of adverse myocardial remodeling seen after AMI, and whether increased Nanog expression might be associated with restoration of coronary blood supply.
The recently described 4-benzyl-2-(naphthalene-1-yl)-1,2,4-thiadiazolidine-3,5-dione, also known as NP12, is a smallmolecule allosteric inhibitor of GSK-3␤ (21) . NP12 was explored as a potential treatment for Alzheimer's disease and supranuclear palsy in phase-IIa and -IIb clinical trials (21, 22) . In animal experiments, administrations of NP12, including intravenous route, reduced cerebral atrophy and provided antiinflammatory benefits with no apparent toxicity (21) (22) (23) (24) (25) . Because fibrosis and reduced perfusion are the main causes of pathological remodeling after AMI, here we tested the hypothesis that NP12 might limit the extent of myocardial remodeling and restore coronary blood supply.
Results

Intramyocardial administration of NP12 limits the extent of adverse remodeling and restores coronary blood supply in the aftermath of AMI
To test the efficacy of allosteric inhibition of GSK-3␤ by NP12, we subjected wild-type C57BL/6N mice to left anterior descending (LAD) ligation of the coronary artery for 20 min to induce AMI. A ligation period of 30 min or less restored the ECG to baseline, without causing permanent changes to the ECG, reducing mortality and minimizing the phenotypic complexity seen after the AMI. We chose a 20-min transient LAD ligation of the coronary artery, whereby the QT-interval widened and the ST-segment remained elevated (26 -28) , indicating an ongoing ischemic event to the myocardium. Thus, we designed experiments to create myocardial infarction following a 20-min ligation of the LAD coronary artery (Fig. 1a) . Although NP12 can be administered intravenously, however, our goal was to study the effect of NP12 on local cardiac remodeling; therefore, the intramyocardial administration method allowed us to use an optimal and effective concentration of NP12 (29) . In pilot experiments, sham operated mice did not show any appreciable changes in cardiac parameters sham (ϩNP12, n ϭ 6 animals each group/time point); hearts receiving PBS (n ϭ 6 animals each group/time point); and NP12 (n ϭ 6 animals each group/time point) at day 7 post-AMI; infarcted hearts receiving PBS (n ϭ 6 animals each group/time point) and NP12 (n ϭ 6 animals each group/time point) 14 days post-AMI. c, quantification of fibrotic area in sham and infarcted hearts receiving PBS or NP12 at days 7 and 14; data were subjected to ANOVA followed by Sidak's test. d, levels of p-GSK-3␤(Ser-9), total GSK-3␤ in the sham and in infarcted hearts. The dotted line indicates the position where the nitrocellulose membrane was cut. e, quantification of signal intensities of WBs shown in d; each data point represents mean value calculated from two mice (n ϭ 6 mice per group). f, quantification of CD31 ϩ vascular structures at days 7 and 14 in the infarcted zones as compared with the PBS group; each data point represents mean value calculated from five microscopic fields/mice that were selected from the infarcted area (n ϭ 6 mice per group). g, representative fluorescent images (ϫ20) of CD31 ϩ (green) in the infarcted myocardium at days 7 and 14, receiving either PBS (vehicle) or NP12 versus controls. h and i, ejection fraction (EF%) and fractional shortening (FS) in mouse hearts receiving NP12 at days 7 and 14, n ϭ 6 mice per group; data were subjected to ANOVA followed by Tukey's test. Error bars represent Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001 versus PBS (vehicle) group or versus pre-AMI. Scale bars are as shown. Abbreviations: d7, day 7; d14, day 14; ns, not significant. (supplemental Fig. S1 ). In NP12-treated mice, we observed increased Akt phosphorylation, indicating activation of the survival pathway (supplemental Fig. S2 ). Masson's trichrome staining of sham, and AMI hearts receiving vehicle alone (ϪNP12) or GSK-3␤ inhibitor (ϩNP12) at days 7 and 14 post-AMI revealed the degree of myocardial fibrosis. Mice receiving NP12 showed a significant reduction (*, p Ͻ 0.05, and **, p Ͻ 0.01 versus PBS) in fibrotic scarring as compared with increased scarring observed in mice receiving PBS (Fig. 1, b and c, and supplemental Fig. S3 ). In our experiments, the use of isoflurane (30, 31) and etomidate in the PBS (vehicle) receiving myocardium did not show an appreciable decrease in infarct size (Fig.  1, b and c, and supplemental Fig. S3 ) or improvement of cardiac functions (Fig. 1, h and i) . In addition, we also analyzed expression levels of phospho-and total GSK-3␤ in heart lysates of sham-, vehicle-, and NP12-receiving groups. Accordingly, we found an increased expression of p-GSK-3␤ in NP12-receiving groups at days 7 and 14 ( Fig. 1, d and e) .
GSK-3␤ inhibition mitigates myocardial remodeling
Re-establishing blood flow after AMI reduces the extent of myocardial remodeling and improves cardiac function (32, 33) . To assess the extent of coronary vascularization in response to NP12, vascular density in the infarcted and border zones was measured by staining with anti-CD31 ϩ antibody (Fig. 1, f and g ). Mice receiving PBS showed an appreciable increase in capillaries and capillary-like vascular structures, whereas NP12 treatment significantly increased (*, p Ͻ 0.05 versus PBS day 7 and ***, p Ͻ 0.001 versus PBS, day 14) microvessel-like structures in and around the infarcted area. AMI initiates progressive left ventricular (LV) remodeling, leading to deterioration of cardiac function. To evaluate functional recovery in response to NP12 treatment, we compared ECGs from pre-AMI and post-AMI mice at days 7 and 14. In line with previous observations, mice receiving NP12 showed significant improvements in cardiac parameters associated with the ejection fraction (EF%, **, p Ͻ 0.01 versus PBS) and fractional shortening (FS%, *, p Ͻ 0.05 versus PBS), indicating a recovery of LV function (Fig. 1, h and  i) . In addition, there was a significant reduction in diastolic parameters, including isovolumetric relaxation time and the E wave deceleration time (supplemental Fig. S4 ) in PBS groups compared with the NP12 receiving groups, indicating a decline in cardiac function. These findings suggest that NP12 administration reduced fibrosis, mediated angiogenesis, and improved cardiac function in these mice.
NP12 mediates increased proliferation and survival of ECs
ECs play key roles in post-AMI-related revascularization and reperfusion, facilitating efficient myocardial repair (34 -36) . Because we observed robust revascularization in infarcted hearts receiving NP12, we next tested the capacity of administration of NP12 to mediate angiogenic activities of ECs. We first optimized NP12 dosage using ECs (supplemental Fig. S5a ) in the presence of VEGF 165 (5 ng/ml) and serum to elicit a cellproliferative response. We also used flow cytometry to assess whether there was an increase in cell survival (supplemental Fig. S5b) , subsequently determining that a dose of 60 nmol/liter NP12 was optimal for future in vitro and ex vivo assays.
To evaluate NP12-mediated EC proliferation, we measured BrdU incorporation as an indicator of cells entering the S-phase of the cell cycle in HUVECs, HSaVECs, and HPAECs. The timeline of the experiment is presented in Fig. 2a . In the absence of VEGF and NP12, cells exhibited basal levels of proliferation, whereas the proportion of cells receiving both VEGF and NP12 exhibited a significant (**, p Ͻ 0.01 versus VEGF only, ****, p Ͻ 0.0001 versus control) number of proliferating cells versus cells receiving VEGF or NP12 alone ( Fig. 2c and supplemental Fig.  S6, a-d) .
Next, we examined whether the increase in EC proliferation was accompanied by an increase in cell survival. The timeline for the apoptosis assay is shown in Fig. 2b . Accordingly, ECs were serum-deprived overnight; thereafter, the EC basal media were supplemented with a combination of VEGF, NP12, or both. Cells receiving VEGF and NP12 exhibited a significantly lower population of cells positive for annexin-V and propidium iodide (PI) staining (Fig. 2d) . These results indicated that NP12 administration, in combination with VEGF, protected cell death, thereby favoring a survival phenotype in ECs.
Furthermore, we addressed whether NP12 administration could stimulate proliferation and survival of reparative cells. Accordingly, heart sections prepared from these mice were evaluated by co-staining with Ki67 (a cell-proliferation marker) and vWF (an EC marker) and by TUNEL staining (Fig. 2 , e-h, and supplemental Figs. S7 and S8). The number of cells expressing Ki67 was significantly higher (*, p Ͻ 0.05 versus PBS, d7; ***, p Ͻ 0.001 versus PBS, d14) in the group receiving NP12 as compared with that observed in the group receiving PBS (Fig.  2e) . Moreover, TUNEL staining indicated a significant reduction (***, p Ͻ 0.001 versus PBS, d7) in apoptotic nuclei in the NP12-receiving group (Fig. 2f) . In addition, NP12 administration reduced cell death in EC and non-EC populations in the infarcted myocardium, as illustrated by the microscopic analyses of myocardial sections with anti-annexin-V, an apoptotic marker, and anti-CD31 (supplemental Fig. S8) 
NP12 mediates angiogenic phenotypes of ECs
To address whether NP12 mediates repair and reestablishment of coronary blood vessels, we performed in vitro wound healing and Boyden chamber transfilter assays (Fig.  3a) . Scratches introduced in a monolayer of ECs that received either vehicle PBS alone (ϪNP12) or 60 nmol/liter NP12 were photographed at 3 and 6 h. Quantification of the area covered by migrating ECs indicated that NP12 treatment resulted in a significant rate (**, p Ͻ 0.01 versus 3 h, ***, p Ͻ 0.001 versus 6 h) of wound closure at 6 h as compared with that observed in the control group (Fig. 3, b and c) . This was validated by our observation of an increased chemotactic migration of ECs across transfilters toward NP12-containing wells (Fig. 3, d and e) .
In addition to proliferation and migration, ECs sprouting and tube formation are necessary for re-establishing blood supply. The aortic ring microvessel sprouting assay mimics the different phases of aortic angiogenesis. Fig. 3 , f and g, shows the ability of NP12 to augment microvessel outgrowth from the aortic rings. Together, these results indicated that NP12 administration enhanced the angiogenic phenotype of ECs to reestablish coronary blood supply as seen in NP12-treated AMI hearts.
GSK-3␤ inhibition mitigates myocardial remodeling NP12 mediates robust activation of the Wnt-signaling pathway
To elucidate the mechanism of apparent benefit observed in our AMI model, we determined the transcriptional target of NP12 in ECs. Because GSK-3␤ is an important regulatory kinase in the canonical Wnt-signaling pathway, we tested whether this novel allosteric inhibitor of GSK-3␤ could modulate Wnt signaling. Accordingly, ECs and HEK293 cells were transfected with the Wnt reporter TOPFlash plasmid construct-harboring promoter with eight copies of TCF4-binding sites (Fig. 4a) . We observed increased TCF4 promoter-driven luciferase activity in response to Wnt3a and NP12 ( Fig. 4b and supplemental Fig. S9 ). To verify that this increase in luciferase activity was due to ␤-catenin translocation into the nucleus, we and BrdU Ϫ cells were counted, and thereafter the percentage of BrdU-positive cells was calculated. Administration of NP12 alone or in combination with VEGF significantly increased the number of proliferating ECs (****, p Ͻ 0.0001) versus untreated controls; where each data point represents the mean calculated from three technical replicates, and data were subjected to ANOVA followed by Sidak's test. d, ECs were serum-starved for 4 h. To minimize cell death, we included insulin, transferrin, and selenium (1ϫ ITS) in basal media during the 4-h starvation period. Subsequently, media supplemented with VEGF (5 ng/ml) or NP12 (60 nmol/liter), or both, were added prior to 18 h of incubation. ECs labeled with annexin-V-APC and PI were subjected to FACS analysis. Percentages of annexin-V-positive and PI-positive cells were decreased in VEGF and NP12-treated populations; each data point represents an independent experiment performed with two technical replicates, and thereafter the data were subjected to ANOVA followed by Sidak's test. e and f, quantification of Ki67 ϩ and TUNEL ϩ cells in NP12-receiving myocardial sections at days (d) 7 and 14 versus PBS-receiving group was subjected to ANOVA followed by Sidak's test. g, representative images of Ki67 ϩ (ϫ63, green) and vWF ϩ (red) structures indicated by white arrows in the infarcted myocardium at days 7 and 14, receiving either PBS or NP12. h, top panels, a-e, representative TUNEL ϩ (ϫ20, brown) structures in the infarcted myocardium at days 7 and 14, receiving either PBS or NP12. Bottom panels, f-j, represent magnified images (inset), and black arrows indicate the endothelium. Error bars represent Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001 versus indicated groups (n ϭ 6 animals each group per time point). Scale bars are as shown. Abbreviations: VEGF, vascular endothelial growth factor; APC, allophyocyanin; TUNEL, terminal deoxynucleotidyltransferase dUTP nick end labeling. ns, not significant.
GSK-3␤ inhibition mitigates myocardial remodeling
performed cell fractionation analysis. Nuclear and cytoplasmic fraction from control and NP12-treated ECs were prepared and analyzed by WB. As expected, the nuclear fraction of NP12-treated ECs showed increased accumulation of ␤-catenin, whereas the cytoplasmic fraction showed increased cyclin-D1. The purity of fractions was confirmed by probing the membrane with the cytoplasmic loading control, GAPDH, and the nuclear loading control, Lamin-B1 (Fig. 4c) . Microscopic analysis also confirmed that ECs stained with anti-␤-catenin and VE-cadherin showed increased accumulation of nuclear ␤-catenin as compared with levels observed in control cells (Fig. 4, d and e) . Additionally, high resolution confocal z-stack imaging showed co-localization of ␤-catenin and TCF4 in the nucleus of NP12-treated ECs ( Fig. 4f and supplemental Fig.  S10 ). These results indicated that NP12 administration mediated strong activation of canonical Wnt signaling in ECs.
NP12 induces the expression of Nanog and cyclin-D1
Next, we determined the ability of NP12 to mediate the activation of Wnt signaling in ECs. Accordingly, in ECs treated with 60 nmol/liter NP12, the expression of ␤-catenin and Nanog increased in a time-dependent manner, with Figure 3 . Inhibition of GSK-3␤ mediates EC migration and sprouting of aortic ring. a, timeline for the wound closure assay. A sterile 200-l pipette tip was used to introduce a physical wound (scratch); thereafter, complete media (control) or media with NP12 (60 nmol/liter) were added to the wells. Representative images of NP12-treated ECs with wound closure at the indicated time points are shown (ϫ10). b and c, extent of wound closure (in percentage) was calculated at 3 and 6 h. **, p Ͻ 0.01 versus 3-h control; ***, p Ͻ 0.001 versus 6-h control, where each data point represents an independent experiment performed with two technical replicates and thereafter was subjected to ANOVA followed by Sidak's test. d, to investigate chemotactic migration of ECs toward NP12-containing wells, ECs were seeded on the top chamber and separated by a porous membrane. The lower chambers were filled with media (vehicle) or media with NP12 (60 nmol/liter). After 6 h, cells that migrated across the membrane were fixed and counted. Representative images of EC migration are in response to NP12. Magnifications are as shown. e, quantification revealed increased migration of ECs in response to NP12. ***, p Ͻ 0.001 versus control; each data point represents an independent experiment, where each experiment was conducted with three technical replicates; thereafter, the data were analyzed by unpaired t test. f, aortic rings were embedded in a fibrin matrix, and thereafter EC media (vehicle) or NP12 (60 nmol/liter) was added. Microvessel ECs sprouting from aortic explants were imaged on consecutive days, and media were replenished every 48 h. g, quantification of branching point structures, **, p Ͻ 0.01 versus control was analyzed by unpaired t test; n ϭ 10 aortic rings per conditions. Magnifications are as shown. Error bars represent Ϯ S.D.
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maximal expression observed as early as 3 h post-treatment (Fig. 5, a and b) . We also observed an increased phosphorylation of GSK-3␤ (Ser-9) (Fig. 5c) . Next, we assessed the expression of Wnt target genes cyclin-D1 and VEGFR2 (Fig. 5d) . Compared with untreated ECs, the expression of cyclin-D1 increased after 40 min post-treatment, whereas VEFGR2 expression oscillated. Wnt3a, the natural ligand that activates canonical Wnt signaling, was used as a positive control. Given that the ECs were not starved of growth factors or serum for this experiment, we observed basal levels of ␤-catenin, Nanog, and VEGFR2 protein expression in the lysates. Furthermore, immunostaining of NP12-treated ECs showed increased nuclear staining for Nanog (Fig. 5e) . These results indicated that treatment with nanomolar concentrations of NP12 was sufficient to modulate Wnt signaling in ECs. (22) Wnt3a or NP12 for 3 h. The TCF4-promoter luciferase activity following NP12 treatment is presented as fold luciferase activity; experiments were performed four times with two technical replicates, and each data point represents one technical sample; thereafter, data were subjected to ANOVA followed by Sidak's test. c, cytoplasmic and nuclear fractions prepared from control ECs or ECs receiving NP12 (60 nmol/liter for 6 h) were analyzed by immunoblotting with ␤-catenin and cyclin-D1 antibodies. Dotted line indicates the position where the nitrocellulose membrane was cut. The cytoplasmic and nuclear fractions prepared from NP12-treated ECs showed increased accumulation of ␤-catenin in both compartments, whereas cyclin-D1 was primarily detected in the cytoplasmic fraction. For loading controls, we used GAPDH and lamin-B1. d and e, control ECs (vehicle) or ECs receiving NP12 (60 nmol/liter) were fixed and stained with anti-VE-cadherin (green) and anti-␤-catenin (red). Control ECs showed ␤-catenin (red) largely at the membrane; in contrast, NP12-treated ECs showed increased cytoplasmic, some perinuclear, and nuclear staining (ϫ40). Each data point represents the mean value, and each experiment was performed with three technical replicates; thereafter, data were subjected to ANOVA followed by Dunnett's test. f, high-resolution (ϫ63) confocal z-stack imaging showed co-localization of ␤-catenin (green) with TCF4 (red) in the nucleus of NP12-treated ECs as compared with that observed in controls. VE-cadherin (magenta). Error bars represent Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001 versus indicated groups. Scale bars are as shown.
GSK-3␤ inhibition mitigates myocardial remodeling Nanog is highly enriched in CD31
؉ vascular structures in myocardial tissues receiving NP12
Next, we validated the expression of Nanog in the infarcted hearts. To localize and identify ␤-catenin ϩ , Nanog ϩ , and ECs (CD31 ϩ ) cells in vivo, groups of mice were subjected to AMI, treated with PBS or NP12, and thereafter heart tissues were collected at day-7 and -14 time points. Microscopic examination of these sections indicated the presence of an increased expression of Nanog and ␤-catenin proteins in CD31
ϩ ECs (Fig. 6, a and b) . Next, mRNAs prepared from CD31 ϩ cardiac ECs confirmed the increased expression of Nanog, as well as cyclin-D1, Ki67, and VEGFR2 in these cells (Fig. 6, c-f ). WB analysis also confirmed the increased expression of p-GSK-3␤, VEGFR2, ␤-catenin, and Nanog proteins in hearts that received NP12, compared with PBS (supplemental Figs. S11 and S12). These results further confirmed our in vitro observation that the allosteric inhibitor of GSK-3␤ stabilizes ␤-catenin and up-regulates Nanog expression. Mouse fibroblast cells did not express endogenous Nanog; importantly, NP12 did not induce the expres- Figure 5 . Inhibition of GSK-3␤ promotes robust expression of Nanog and cyclin-D1 in ECs. a, timeline of experiment. ECs in culture were treated with either Wnt3a (50 ng/ml) alone for 360 min or NP12 (60 nmol/liter) for 0, 20, 40, 60, 120, 180, 240, and 360 min. b, NP12 increased stabilization of ␤-catenin in a time-dependent manner. EC extracts were analyzed by immunoblotting with anti-␤-catenin antibody that detects total ␤-catenin. Accumulation of ␤-catenin can be detected as early as 20 min post-treatment, as well as robust accumulation by 3 h, as compared with results observed in Wnt3a-stimulated cells, which showed significant but lower levels of induction after 6 h. WB analyses showed increased expression of Wnt target proteins in a time-dependent manner following NP12 treatment. For loading control, we used anti-GAPDH. c, EC lysates prepared from NP12-treated cells were analyzed with anti-p-GSK-3␤, anti-GSK-3␤, and anti-GAPDH antibodies. d, q-RT-PCR analysis indicated increased levels of Nanog, cyclin-D1, and VEGFR2 transcripts in ECs following NP12 treatment. Each data point represents mean value from an independent experiment; each experiment was conducted with three technical replicates; thereafter, data were subjected to ANOVA followed by Sidak's test. e, microscopic analyses of control ECs and ECs receiving NP12 (60 nmol/liter) with anti-Nanog (red) and anti-VE-cadherin (green) showed robust increases in nuclearly-localized Nanog. The numbers at the bottom of the panels indicate fold intensity. *, p Ͻ 0.05; **, p Ͻ 0.01 versus indicated groups. Experiments were performed with six mice in each group (n ϭ 6), and in vitro data were obtained from three independent experiments. Error bars represent Ϯ S.D. Scale bars are as shown. Abbreviation: VEGFR2, vascular endothelial growth factor receptor 2.
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sion of Nanog in NIH-3T3 cells and did not mediate significant cell proliferation (supplemental Fig. S13 ).
Nanog is necessary for angiogenic activities in ECs
To address the ability of NP12 to stimulate angiogenesis, we performed knockdown followed by rescue experiments in relation to EC proliferation and branching point structure formations in 2D-Matrigel. To knock down Nanog, we used two distinct Nanog shRNAs shown as Nanog-shRNA1 and NanogshRNA2. Control and Nanog knockdown ECs were treated with 60 nmol/liter NP12 overnight as shown in Fig. 7a , and thereafter, cell lysates were subjected to WB analyses (Fig. 7b) . As expected, NP12 increased the expression of Nanog in these cells, whereas both Nanog-shRNA1 and Nanog-shRNA2 knocked down the Nanog gene effectively (Fig. 7b) . To address specificities of two Nanog shRNAs, we also carried out re-expression of HA-tagged Nanog cDNA into Nanog-depleted cells (Fig. 7b) . In parallel, these cells were subjected to anti-BrdU antibody staining as a measure of cell proliferation (Fig. 7, c and  d) . ECs receiving NP12 showed a significant increase in proliferation; conversely, Nanog knockdown decreased proliferation of these cells (Fig. 7, c and d) . Importantly, following Nanog knockdown, the proliferation of ECs that received NP12 was significantly reduced compared with control groups (Fig. 7, c  and d) . Next, we also subjected these cells to 2D-Matrigel assay (see under "Materials and methods"). As expected, NP12 increased branching point structures significantly, whereas Nanog knockdown decreased angiogenic activities of these cells (Fig. 7, e and f) . Re-expression of Nanog cDNA into Nanogdepleted cells restored, in part, the effect of loss of Nanog in these cells (Fig. 7, e and f) . These results indicate the ability of NP12 to mediate angiogenic activities of ECs through Nanog.
Discussion
Here, we addressed whether NP12 can be used for limiting the extent of adverse myocardial remodeling seen after AMI. Accordingly, we showed that a nanomolar concentration of NP12: 1) increased phosphorylation of GSK-3␤(Ser-9) and stabilized ␤-catenin; 2) prevented adverse myocardial remodeling in mice that previously experienced an AMI; and 3) mediated angiogenesis, thereby reestablishing blood flow to the infarcted zone partially through the activities of Nanog.
NP12 has been described as an allosteric inhibitor of GSK-3␤ (21). Importantly, NP12 provided a neuroprotective benefit and showed no toxic effects in humans (22) (23) (24) (25) . Hypoxia, myocardial infarction, or obstruction of coronary arteries mediates Figure 6 . NP12 mediates up-regulation of Nanog in infarcted myocardium. a, representative immunofluorescence analysis of ␤-catenin (green) and CD31 (red) double-labeling in the infarcted myocardium at days (d) 7 and 14, receiving either PBS or NP12 versus sham. b, representative confocal images of double-staining with Nanog (green) with CD31 (for optimal resolution, the red color is converted into white) in the infarcted myocardium at days 7 and 14, receiving either PBS or NP12 versus sham heart. Panels to the right of b show magnified images with yellow arrowheads indicating co-localization of nuclear Nanog with CD31 ϩ vascular structures. c-f, mRNAs prepared from CD31 ϩ cardiac ECs obtained from sham-, PBS-, and NP12-receiving mice were analyzed by qRT-PCR for expression of Nanog, cyclin-D1, Ki67, and Vegfr2 transcripts using 18S rRNA as internal control. Data show a significant increase in expression of target genes compared with the indicated groups; thereafter, data were subjected to ANOVA followed by Sidak's test. We used n ϭ 3 mice each group for qRT-PCR analysis, and n ϭ 6 mice each group for immunostaining. Error bars represent Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus indicated groups. ns, not significant.
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expression of VEGF. VEGF signaling is required for angiogenic and survival activities of ECs; and for this reason, we did not address the role of VEGF in this study. Wnt signaling plays a complex role in the emergence of ECs and cardiovascular disease processes (10, 35) . At basal state, the GSK-3 proteins act as active kinase but are inhibited in response to several pathophysiological events, including AMI. However, the regulation of myocardial repair in the aftermath of AMI likely involves several different competing signaling pathways, including the inhibition of GSK-3 and cooperation of several cell types. Nevertheless, here we showed that NP12-mediated Nanog expression regulated angiogenic phenotypes of ECs in mice that experienced AMI. AMI due to LAD ligation results in damage of myocardial tissue, leading to collagen deposition and fibrosis. Our morphometric and quantification analyses showed reduced fibrotic scarring in mice receiving NP12, indicating the ability of NP12 to prevent adverse myocardial remodeling. ECG evaluation of the LV showed improvements in both EF% and FS%. These findings suggest that in uninjured mice, NP12 alone has no effect. Our data highlighted the ability of NP12 to limit the extent of unwanted myocardial remodeling.
The decrease in the extent of pathological myocardial remodeling in the aftermath of AMI likely involves complex interplay between different cell types and signaling pathways Figure 7 . Nanog knockdown impairs NP12-mediated angiogenic activities of ECs. a, timeline of transfections (knockdown), followed by BrdU incorporation and 2D Matrigel assay. b, efficiency of Nanog knockdown using two distinct shRNA constructs followed by re-expression of HA-tagged Nanog cDNAs was analyzed by WB. The numbers below the panels indicate fold intensities. Dotted line indicates the position where nitrocellulose membrane was cut. c, representative images of BrdU ϩ cells. d, quantification of BrdU ϩ incorporation. e, quantification of branching point structures per field of view. f, representative images of branch point structures (white arrows) in control and Nanog knockdown and Nanog cDNA ECs receiving NP12. Error bars represent Ϯ S.D., obtained from three independent experiments (n ϭ 3), and each experiment was performed with two technical replicates; thereafter, data were subjected to ANOVA followed by Tukey's test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001 versus indicated groups. Scale bars are as shown. (31) (32) (33) (34) . However, ECs are expected to play a critical role in the rescue process. Importantly, in adults, the loss of ECs impedes revascularization and worsens tissue damage; therefore, preventing EC death and increasing proliferation increase productive revascularization. Because we observed increased revascularization in the NP12-treated infarcted zone, we determined the effects of NP12 treatment on EC proliferation and survival; indeed, ECs treated with NP12 not only increased proliferation but also enhanced survival. The additive effect of NP12 treatment was secondary to VEGF, because VEGF is a well-known EC-specific mitogen and survival factor. Consistent with these observations, NP12 significantly increased cell proliferation, but decreased apoptosis, indicating the ability of NP12 administration to provide protective benefit.
EC migration is a pre-requisite process in neovessel formation; accordingly, we showed that NP12 treatment not only increased proliferation and viability but also enhanced EC migration in vitro. Can NP12 mediate migration in vivo? To address this, we analyzed microvessel growth from mouse aortic rings, an ex vivo correlate of angiogenesis. In this assay, NP12 mediated stable and robust sprouting of aortic rings and provided evidence that NP12 administration can enhance angiogenic activities of intact ECs. Based upon these findings, we predict that NP12 induces migration of ECs in vivo, after injury/wound.
These findings provided us with the impetus to delineate the molecular targets of GSK-3␤ inhibition in ECs. The Wnt pathway is initiated by nuclear translocation of ␤-catenin, which then forms a complex with the TCF4 family of transcription factors and leads to active transcription of Wnt target genes. In transfection experiments, NP12 significantly increased luciferase reporter activity, which was mediated by the nuclear translocation of ␤-catenin. This translocation is a key event, which increases cyclin-D1-mediated cell proliferation after NP12 treatment. Therefore, our data showed the ability of NP12 to mediate activation of canonical Wnt signaling in ECs. This is an important finding, as EC proliferation crucially regulates wound repair and re-establishes the supply of blood to the injured tissues, e.g. seen after AMI in our model.
Mechanistically, NP12 administration stabilized ␤-catenin expression and induced the expression of genes and proteins that regulate wound healing and re-establish blood supply. Although this result could indicate pan-cellular expression of ␤-catenin in vivo, it was evident that NP12 amplified the expression of Wnt target genes post-AMI. Therefore, it was not surprising that we found an increased p-GSK-3␤(Ser-9) in response to NP12 treatment. Because non-ATP allosteric inhibitors are highly selective and effective at low dose, this could provide an explanation for the robust stabilization of ␤-catenin within a short period of time, as compared with that observed following Wnt3a stimulation. These interpretations are not only relevant to in vitro findings but are also confirmed by in situ labeling experiments of ␤-catenin and Nanog in conjunction with CD31 ϩ vascular structures. It is clear that human heart that experienced AMI becomes irreversible within an hour; however, reestablishment of flow of blood even after permanent coronary occlusion is a clinically desirable goal. Thus, we propose that N12 or allosteric inhibition of GSK-3␤ in the aftermath of AMI should provide therapeutic benefit.
Cell proliferation and tube formation represent two key hallmarks of the cellular behavior of ECs. Using loss-of-function and gain-of-function approaches, we addressed the specificity of Nanog in reestablishing blood supply in response to NP12. In these experiments, NP12 induced Nanog expression, thereby mediating cell proliferation. Thus, proliferative activities seen in the above experiments are likely Nanog-specific, as Nanog depletion inhibited angiogenic phenotypes of these cells. We propose that one of the key functions of NP12 is to stimulate EC proliferation and tube formation. Thus, proliferative and tubeforming activities of ECs are not only required for restoration of the structural integrity of the heart but also re-establish blood supply and decrease adverse remodeling after injury.
Data presented indicate the ability of a novel allosteric inhibitor of GSK-3␤-mediated revascularization in the aftermath of AMI-induced injury and improved cardiac function by reducing fibrosis and apoptosis. In this study, we administered NP12 after the release of ligation, leading to a reduction in the infarct size after AMI. However, we propose that administration of NP12 secondary to increased expression of VEGF acts in synergy to mediate increased migration and proliferation, thereby reestablishing the flow of blood and reducing adverse myocardial remodeling. One could surmise that the NP12 treatment likely induced Wnt signaling not only in ECs but also in non-EC population such as either cardiomyocytes or fibroblast cells as well. However, we did not detect expression of Nanog in murine fibroblast cells in vitro. It will be interesting to study the effect of NP12 on cardiomyocytes; however, this is beyond the scope of this study and will require detailed analysis. Nevertheless, our results show that inhibition of GSK-3␤ thereafter increased expression of ␤-catenin and Nanog in ECs after AMI and together represent an endogenous repair mechanism, and the magnitude of Nanog and VEGFR2 expression can further be increased by NP12. Nanog likely activates several other genes, and VEGF/VEGFR2 signaling is critical for cardiovascular phenotypes and their survival. Reestablishing blood supply has the potential to protect myocardial structure and decrease fibrosis after AMI, and these processes are also necessary to prevent impending AMI through the regulation of cardiomyocyte hypertrophy and contractility. Together, our studies provide proof-of-principle of the potential of allosteric inhibition of GSK-3␤ for activating a repair machinery to improve flow of blood supply and to prevent adverse remodeling after AMI.
Materials and methods
Antibodies and reagents
NP12 (SML0339), human thrombin (T4393), and fibrinogen (F4883) were purchased from Sigma, and a 50 mmol/liter stock of NP12 was prepared in dimethyl sulfoxide (Sigma) and stored at Ϫ20°C. A working concentration of 60 nmol/liter NP12 was used for all experiments. Rabbit anti-Nanog (A300-397A) was purchased from Bethyl (Montgomery, TX). Rabbit anti-VEGFR2 (C-1158), rabbit anti-cyclin-D1 (mAb catalog no. 2978), rabbit anti-phospho-GSK-3␤ (mAb catalog no. 9322), rabbit anti-
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GSK-3␤ (mAb catalog no. 9315), rabbit anti-Akt (mAb catalog no. 9272), rabbit anti-p-Akt (mAb catalog no. 9271), and rabbit anti-TCF4 (mAb catalog no. 2569) were purchased from Cell Signaling Technologies (Danvers, MA). Mouse anti-Nanog (J-29), mouse anti-␤-catenin (E5), mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 4G5), and mouse anti-VE-cadherin (SC9989) were purchased from Santa Cruz Biotechnology (Dallas, TX). Rabbit anti-HA (AP1012a) was purchased from Abgent (San Diego). Secondary antibodies goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP) and donkey anti-rabbit IgG-HRP were purchased from Bio-Rad. Donkey anti-rabbit Alexa Fluor-594 and donkey anti-mouse Alexa Fluor-488 were purchased from Invitrogen. Human recombinant Wnt3a (5036-WN) was purchased from R&D Systems (Minneapolis, MN).
Animal experiments and echocardiography (ECG)
All animal experiments described in this study were performed in accordance with the National Institute of Health Committee (IACUC) at the University of Illinois at Chicago. Male and female C57BL/6N mice (n ϭ 6 per group) between the ages of 8 and 10 weeks were purchased from The Jackson Laboratory (Bar Harbor, ME) and housed at the UIC vivarium. All procedures were performed at the Center for Cardiovascular Physiology core facility at UIC. To model AMI in the myocardium, mice were subjected to transient ligation (20 min) of the LAD coronary artery as described previously with minor modifications (26 -28) . Prior to coronary artery ligation, mice were administered intraperitoneal injection of etomidate (10 mg/kg) anesthesia. Thereafter, an 8-0 Prolene suture (Ethicon Inc., Sommerville, NJ) was used to slipknot and temporarily ligate the LAD coronary artery. After 20 min of ligation, the slipknot was released. ECG was measured prior to LAD ligation (pre-AMI) and post-ligation (post-AMI) at days 7 and 14 using Vevo-2100 (VisualSonics, Toronto, Ontario, Canada). To maintain the anesthesia during the surgery procedure, 2% isoflurane was delivered using a face mask. As our goal was to administer NP12 directly into the myocardium, accordingly, a working concentration of NP12 was prepared in sterile 1ϫ PBS (vehicle) to prevent toxicity to myocardial tissue. A total of 12 mol/liter NP12 were administered intramyocardially at three sites near the infarcted zone after release of ligation. The control group received 10 l of PBS at the corresponding sites. Prior to surgery, subcutaneous injection of Buprenex SR-LAB (1 mg/kg body weight) was given, and mice were monitored every day for 4 days following surgery; thereafter, every alternate 2 days until post hoc analyses. For pilot experiments, sham-operated mice underwent the same procedure without ligation of the artery and received PBS and NP12. None of the mice displayed major bleeding or signs of infections during the post-operative monitoring phase until days 7 and 14. At days 7 and 14, mice were euthanized, and hearts were removed and washed with PBS. Tissues were paraffin-embedded for immunohistochemistry or snap-frozen in dry ice/ethanol bath for RNA and protein studies. Isolation of CD31
ϩ ECs has been previously described by us (38) .
Morphometric analyses
For immunohistochemistry, hearts were excised and cut into three equal regions. The mid-region was paraffin-embedded and cut into 5-m sections. ECs were labeled using mouse anti-CD31 (JC70A, Dako) and mouse anti-annexin-V (Sc-32321) and rabbit anti-PECAM1/CD31 (Sc-1506) were purchased from Santa Cruz Biotechnology (Dallas, TX); mouse antiNanog (MABD24) and rabbit anti-von Willebrand factor (AB7356) were purchased from Millipore (Billerica, MA); mouse anti-␣-smooth muscle actin (␣SMA; clone 1A40) was from Sigma, mouse anti-Ki67 (B56-RUO) and rabbit anti-␤-catenin (ABE208) were from Millipore and were followed by incubation with secondary anti-rabbit 594 (Invitrogen) and anti-mouse 488 (Invitrogen). Fluorescent images (ϫ63) were captured using a Zeiss LSM 880 confocal microscope (Carl Zeiss AG, Oberkochen, Germany) and analyzed with Zen 2011 software (Carl Zeiss AG). Masson's trichrome staining and TUNEL staining were performed at the UIC histology core facility. Five fields from infarcted and control heart sections were evaluated with an Olympus BX51/IX70 fluorescence microscope (Olympus, Tokyo, Japan). Morphometric analyses of the hearts were assessed using ImageJ software (National Institutes Health, Bethesda).
Cell culture and Western blot analysis
HUVECs, HPAECs, and human lung microvascular ECs were purchased from Lonza (Allendale, NJ) and cultured up to 3-4 passages as described previously (19, 20, 37, 40) . HSaVECs were obtained from PromoCell (Heidelberg, Germany) and cultured as described previously (19, 20) . Cells were solubilized in radioimmunoprecipitation assay (RIPA) protein extraction buffer containing protease inhibitors. Protein concentrations were determined using Pierce 660-nm reagent (Thermo Fisher Scientific, Waltham, MA), resolved by SDS-PAGE, and proteins were transferred onto nitrocellulose membrane. Primary antibodies (2.0 g/ml) were prepared in 1ϫ TBS, pH 7.4, containing 3% BSA. All other WB procedures have been described previously (37, 39, 40) .
Immunostaining and microscopy
This method has been previously described (19, 20, 40) . In brief, monolayer ECs were left untreated (control) or treated with NP12 for 6 h. Nuclear localization of ␤-catenin and TCF4 was captured by high-resolution (ϫ40 and ϫ63) confocal microscopy (Carl Zeiss AG) at room temperature, and multiple images were analyzed using Zen 2011 software (Carl Zeiss AG). Raw images were saved as czi, TIFF, or EPS documents, and all figures were assembled using QuarkExpress 2016 and Adobe Photoshop 2017. For quantification, we used ImageJ.
Transfection experiments and reporter assays
shRNA-mediated Nanog knockdown and transfection methods have been previously described (37, 40) . Control (T30015) and Nanog shRNA constructs (catalog no. TF303039) were purchased from Origene (Rockville, MD). For knockdown experiments, high-titer lentivirus particles generated from the construct FI312151 (Nanog-shRNA1, AAACAGGTGAAGACCTGGTT-GSK-3␤ inhibition mitigates myocardial remodeling CCAGAACCA) and construct FI312152 (Nanog-shRNA2, CAGA-ACATCCAGTCCTGGAGCAACCACTC) were used to infect ECs. For rescue experiments, we transfected hemagglutinin (HA)-tagged Nanog cDNA (lot: 102036S-2/T98134, GenScript (Piscataway, NJ) into Nanog-depleted ECs. To monitor the activation of NP12-mediated Wnt signaling, ECs and HEK293T cells were transiently co-transfected with super 8ϫTOPFlash plasmids containing eight copies of TCF4/LEF-1-binding sites (gift of Randall T. Moon) and a ␤-galactosidase plasmid at a 3:1 ratio. After overnight transfection, cells were serum-starved for 3 h, followed by the addition of Wnt3a (50 ng/ml) and NP12 (60 nmol/liter) into the basal media and incubated for an additional 3 h. Cell lysates were prepared according to the manufacturer's instructions (Promega, Madison, WI). Luciferase activity as a function of the activation of the TCF-4/LEF-1 promoter was measured using a standard luminometer (Berthold Technologies, Oak Ridge, TN), and luciferase activity was normalized to ␤-galactosidase enzyme activity as described previously (19, 20) . Experiments were performed in triplicates and repeated at least three times.
Gene expression, 5-bromo-2-deoxyuridine, and apoptosis assays
Methods for mRNA preparation and qRT-PCR have been previously described (19, 20) . Gene-specific primers (Table 1) were synthesized by IDT DNA (Coralville, IA). To monitor cell proliferation, BrdU assays were performed as described previously (19) , and an Axiovert 40C microscope (Carl Zeiss AG) was used to record all digital pictures. For quantification, ImageJ software was used. To assess cell death, ECs were serum-starved in minimal basal media containing 1ϫ insulin/ transferrin selenium (41400-045; Life Technologies, Inc.). Cells receiving either VEGF, NP12, or both were incubated overnight. The percentage of cell death was quantified using an annexin-V apoptosis detection kit APC (88-8007-72; eBioscience, San Diego) as described previously (19, 20) . Cells were sorted using a Beckman-Coulter flow cytometer (Brea, CA). Experiments were performed more than three times.
Cell migration experiments
These methods have been previously described by us (19, 20) . In brief, a scratch was introduced in monolayer ECs using a sterile 200-l pipette tip. Detached cells were removed by a PBS wash, and fresh media containing vehicle alone (control) or 60 nmol/liter NP12 was added. Images of wound closure were taken at 0, 3, and 6 h using an Axiovert 40C microscope (ϫ10; Carl Zeiss AG). The percentage of wound closure was quantified using ImageJ. For the chemotactic cell-migration assay, Boyden-chamber inserts containing 5,000 cells in the upper chamber were placed in 24-well culture plates; and EC media (vehicle alone) or with NP12 was placed in the lower wells. After 6 h, cells that had migrated across the membrane were fixed and stained with crystal violet. Images were captured as described previously, and the percentages of migrated cells in response to NP12 versus control were quantified using ImageJ.
Aortic ring and 2D Matrigel assays
The aortic ring and 2D Matrigel assays have been previously described (19, 37) . Briefly, the thoracic aortas from to 2-weekold male BALB/c mice were excised, and ϳ1-mm aortic rings were embedded in 80 l of fibrin gel matrix supplemented with EndoGro media (Millipore) containing vehicle alone or with 60 nmol/liter NP12. Images of the aortic explants were captured at days 0 and 4 using a Zeiss Axiovert 40C microscope (Carl Zeiss AG). The aortic ring sprouts were quantified using ImageJ. For quantification, at least 10 different microscopic fields were selected randomly from one aortic ring.
Statistical analyses
For statistical analyses, GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) was used. An unpaired Student's t test was used for comparisons between two groups, and analysis of variance (ANOVA) followed by Tukey's or Sidak's or Dunnett's test for multiple comparisons. All data points represent mean Ϯ S.D. The number of experiments or the number of animals represents biological replicates. A p Ͻ 0.05 was considered significant. 
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